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Sir: 

I, Greg Mocck, hereby declare and state: 
THAT I am a citizen of Canada; 

THAT I have received the degree of Ph.D. in 1 997 from McGill University; 

THAT I have been employed by Targanta Therapeutics since January 4, 2000, where I 
hold a position as Director, Biology, with responsibility for discovery and preclinical 
development of antibiotic candidates; 

I have reviewed the Office Action dated March 24, 2006, issued in the above-identified 
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as being anticipated under 35 U.S.C. §102(b) by O'Donnell et al. (WO 99/37661 ). 

In particular, I understand that the Examiner has stated that O'Donncll teaches a 
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to SEQ ID NO:6, where SEQ ID NO:6 is the sequence of the first polypeptide recited in claim 
72. The Examiner further states that while O'Donnell fails to teach whether the disclosed 
polypeptide binds SEQ ID NO:4 (the second polypeptide of claim 72), because the present 
specification teaches that a polypeptide having SEQ ID NO:6 at the carboxy-terminus binds to 
SEQ ID NO:4, in the absence of evidence to the contrary the polypeptide of O'Donnell would be 
expected to bind SEQ ID NO:4. 

While O'Donnell may indeed teach a polypeptide that has carboxyl-terminal sequence 
that is 100% identical to SEQ ED NO:6 of claim 72, the skilled artisan would not readily expect 
the O'Donnell polypeptide to bind to the polypeptide of SEQ ID NO:4. 

There are examples in the literature of 'auto-inhibition' in which juxtaposition of 
regulatory and functional domains within the same polypeptide results in repression of the 
activity of the Junctional domain of the polypeptide (see, e.g., Prchoda ct al. Science 290:801- 
806 (2000), and Sondermann et al. Cell 1 19:393-405 (2004), both of which are enclosed). In 
other words, it is well-understood that there are a number of polypeptides having domains within 
the same protein that structurally interact with one another to regulate the protein's activity. In 
Prehoda, N-WASP was shown inhibit its own activity via contact between its N-termioal GTPase 
binding domain and its C-terminal cofilin homology domain. In Sondermann, the allosteric Ras- 
binding site on the SOS protein was shown to be auto-inhibited by the Dbl-pleckstrin homology 
domains of SOS. The O'Donnell polypeptide could contain such interacting domains, whereby 
the carboxy-terminus of the O'Donnell polypeptide is blocked from binding to other 
polypeptides. 
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Integration of Multiple Signals 
Through Cooperative Regulation 
of the N-WASP-Arp2/3 
Complex 

Kenneth E. Prehoda, 1 - 2 Jessica A. Scott. 1 - 2 R. Dyche Mullins, 1 
Wendell A. Lim 1 - 2 * 

The protein N-WASP [a homolog to the Wiskott-Aldrich syndrome protein 
(WASP)] regulates actin polymerization by stimulating the actin-nucleating 
activity of the actin-related protein 2/3 (Arp2/3) complex. N-WASP is tightly 
regulated by multiple signals: Only costimulation by Cdc42 and phosphatidyl- 
inositol (4,5)-bisphosphate (PiP 2 ) yields potent polymerization. We found that 
regulation requires N-WASP's constitutively active output domain ( VCA) and 
two regulatory domains: a Cdc42-binding domain and a previously undescribed 
PIP 2 -binding domain. In the absence of stimuli, the regulatory modules together 
hold the VCA-Arp2/3 complex in an inactive "closed" conformation, in this 
state, both the Cdc42- and PiP 2 -binding sites are masked. Binding of either input 
destabilizes the closed state and enhances binding of the other input This 
cooperative activation mechanism shows how combinations of simple binding 
domains can be used to integrate and amplify coincident signals. 



Fig. 3. SCN AVP and c-fos gene expression in the 
behaviorally split hamster. Coronal brain sections 
through the SCN were processed for in situ hy- 
bridization. SCN AVP mRNA levels were relatively 
high [black arrowhead in (B)] on the side of the 
SCN ipsilateral to high Perl expression [arrow- 
head in (A)]; AVP levels in the supraoptic nuclei 
were symmetrical [open arrowheads in (B); black 
dots in the autoradiograph are small clusters of 
magnocellular AVP perikarya]. SCN c-fos mRNA 
levels were relatively high [arrowhead in (C)] on 
the same side as Perl and AVP, and immunohis- 
tochemistry for the c-Fos protein showed a uni- 
lateral rostral [arrowhead in (D)] and dorsal [ar- 
rowhead in (E)] distribution. Scale bars: 1.1 mm, 
(A) to (C); 400 |xm, (D) and (E). 

and right-sided circadian oscillators. This is a 
unique neural state, a "split" brain without sur- 
gical bisection. Because AVP is a neurotrans- 
mitter controlled by the SCN clock, and be- 
cause AVP and other SCN efferents project 
ipsilaterally to their targets (J7), other bilater- 
ally represented brain regions outside the SCN 
may also be running on antipodal time. 
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Many cellular processes are controlled by 
networks of interacting signaling pathways 
(/, 2). For example, during directed cell mo- 
tility, multiple pathways converge to precise- 
ly target actin polymerization to the cell's 



leading edge. Little is known, however, about 
the molecular mechanisms by which the rel- 
evant signaling proteins integrate these mul- 
tiple inputs to yield a coordinated response. 
WASP and its homolog N-WASP link 
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multiple signaling pathways to actin assem- 
bly (3-5). N-WASP interacts with the Arp2/3 
complex and activates its ability to nucleate 
actin filaments (5, 6). Activation only occurs, 
however, when N-WASP is stimulated by the 
proper set of upstream signals. The two best 
characterized inputs are the rho family 
guanosine triphosphatase (GTPase) Cdc42 
and phosphatidylinositol 4,5-bisphosphate 
(PIP 2 ), both of which are regulated by up- 
stream pathways critical for motility (/, 7, 8). 
Individually, Cdc42 and PIP 2 are weak acti- 
vators of N-WASP. Together, however, the 
inputs act synergistically: costimulation with 
low concentrations of both yields potent ac- 
tivation (5). Thus, N-WASP acts as a signal 
integration device that can precisely target 
actin polymerization to sites on the mem- 
brane at which both PIP 2 and activated Cdc42 
are present. 

Several domains within N-WASP have 
been implicated in this signal processing be- 
havior (Fig. 1A). Output is controlled by a 
COOH-terminal domain that directly inter- 
acts with and activates the Arp2/3 complex 
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(5). This domain is referred to as the VCA 
domain (also called WW A) because it has a 
verprolin homology motif (V), a cofilin ho- 
mology motif (C), and an acidic motif (A). 
The acidic motif binds Arp2/3, whereas the 
verprolin motif binds actin monomers, prob- 
ably delivering them to Arp2/3 (5, 6). The 
isolated VCA domain is constitutively active; 
however, this activity is suppressed in full- 
length N-WASP, indicating that NH 2 -termi- 
nal regions play a regulatory role (5). One 
key regulatory domain is the GTPase-binding 
domain (GBD), which forms an intramolec- 
ular interaction with the cofilin homology 
motif (Fig. 1A) (9, 10). Because activated 
Cdc42 can disrupt the intramolecular interac- 
tion by binding the GBD, a simple model for 
N-WASP regulation has been proposed: the 
intramolecular interaction between the GBD 
and the cofilin motif blocks binding of 
Arp2/3 to the VCA domain, and Cdc42 re- 
lieves this autoinhibitory interaction (3, 5, 9). 
There are several problems with this model. 
First, the GBD has never experimentally been 
shown to block Arp2/3 binding or to suffice 
as a functional repressor of the VCA domain. 
Second, this simple autoinhibition model 
fails to explain how PIP 2 is detected as an 
input, and how its effects' are synergistically 
integrated with those of Cdc42. 

To elucidate the mechanism of N-WASP 
regulation and signal integration, we identified 



the minimal domains required to repress the 
VCA domain, mapped their interactions, and 
determined how they communicate. We found 
that two adjacent regulatory domains, the GBD 
and a novel PIP 2 -binding motif, are necessary 
and sufficient for proper repression and regula- 
tion of N-WASP. In the absence of stimuli, the 
two regulatory motifs together lock the VCA- 
Arp2/3 complex in an inactive "closed" confor- 
mation. The mechanism of repression allows 
for highly cooperative activation: Cdc42 and 
PIP 2 disrupt the closed state in a thermodynam- 
ically coupled fashion, providing the basis for 
potent signal integration by N-WASP. 

VCA domain activity was potently re- 
pressed (inhibition constant K t = ~1 u-M) by a 
minimal fragment containing both the GBD 
and an adjacent, highly basic motif in an in vitro 
actin polymerization assay (Fig. IB). We refer 
to this composite domain as the "control re- 
gion." The basic motif is only —20 residues in 
length and contains nine lysine residues (/V). In 
contrast, a second fragment consisting solely of 
the GBD, although able to interact strongly 
with the VCA domain, had virtually no inhibi- 
tory effect (Fig. IB), even at concentrations 
(100 u-M) well above saturation (72). The GBD 
failed to inhibit even when covalently tethered 
(cis) to the VCA domain (13). A third fragment 
mat contains the basic motif and only half of the 
GBD was also unable to repress (Fig. IB). 
These data show that current models for auto- 
inhibition are incorrect: although required, the 
GBD alone is insufficient to repress VCA acti- 
vation of the Arp2/3 complex; rather, the com- 
posite control region is the minimal repressive 
element. 

Remarkably a "mini-N-WASP" that con- 
tains only the control region and the VCA 
domain attached by a nine-residue linker is also 
sufficient to recapitulate the hallmark regulato- 
ry behavior of N-WASP. Its Arp2/3 stimulatory 
activity is highly repressed but can be synergis- 
tically activated by costimulation with PIP 2 and 
Cdc42 complexed with guanosine 5'-0-(3'- 
thiotriphosphate) (Cdc42-GTP7S) (Fig. 1C) 
(14). 

Contrary to previous models, we found 
that neither the control region nor GBD 
blocks binding of Arp2/3 to the VCA domain 
(Fig. 2A) (75). Instead, the basic motif par- 
ticipates in two previously uncharacterized 
interactions critical for regulation (Fig. 2, B 
through D). First, the basic motif is an essen- 
tial part of a novel Arp2/3 binding site (Fig. 
2B). Although this Arp2/3 interaction region 
appears to be crucial for repression, it is not 
sufficient, because a fragment that binds 
Arp2/3 but lacks the intact GBD (residues 
178 through 244) also fails to inhibit VCA 
activity (Fig. IB). Arp2/3 therefore interacts 
with two sites within N-WASP: the acidic 
motif within the VCA domain and the basic 
motif within the control region. Second, we 
found that the basic region is also a novel 
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Fig. 1. Both the basic motif and GBD are required for repression and regulation of N-WASP. (A) N-WASP 
contains the following domains: EVH1 domain, basic motif (B), GBD, proline-rich motif (Pro), and 
verprolin/cofilin/acidic domain (VCA). Curved arrow indicates intramolecular interaction between GBD 
and the cofilin motif (within the VCA domain) (9, 10). (B) Repression of VCA-Arp2/3-mediated actin 
polymerization by control region fragments (25), tested using in vitro pyrene actin polymerization assay 
(26). Assays contain 50 nM VCA, 50 nM Arp2/3, and 2.5 jxM actin (2% pyrene actin), along with the 
indicated concentration of variable fragment Binding of the VCA domain to these control region 
fragments fused to GST (27) is shown below. (C) Mini-N-WASP (178-274-GSGSGSGSG-392-501) 
mimics the regulatory behavior of N-WASP (28). Pyrene actin polymerization assays are shown for 
mini-N-WASP alone and mini-N-WASP plus Cdc42-GTP-yS (0.15 |xM), PIP, (-0.4 u.M in PSrPOPIP, 
vesicles at 48:48:2), or both (same concentrations as above). Activity of VCA domain alone (dotted line) 
is shown for comparison. Assays contain 50 nM mini-N-WASP, 50 nM Arp2/3, and 2.5 fxM actin. Bar 
graph shows maximal polymerization rate for each assay. 
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phospholipid-binding module that specifical- 
ly recognizes PIP 2 (Fig. 2C). This 20-residue 
motif is distinct from larger canonical phos- 
pholipid-binding domains, such as pleckstrin 
homology (16) or FYVE finger domains 
(17). 

The interactions of the control region 
(Fig. 2D) and the requirements for repression 
(Fig. IB) support a concerted repression 
model. Neither the GBD nor the basic motif 
is intrinsically repressive; rather, each alone 
is a neutral anchor point that, only when 
topologically linked to and acting in concert 
with the other, locks the N-WASP-Arp2/3 
complex in an inactive "closed" state (Fig. 
2D). These interactions may alter the confor- 
mation of Arp2/3 and/or its relationship with 
the VCA domain, rendering it inactive. This 
model is supported by the finding that when 
the GBD and basic modules are added togeth- 
er, but as covalently distinct elements, they 
fail to repress VCA domain activity (13). 



Moreover, these control region subfragments 
are found to activate mini-N-WASP (Fig. 
2E), behavior incompatible with subfrag- 
ments that are intrinsically repressive (these 
would repress or be neutral). The behavior is 
best explained as uncoupling of concerted 
interactions required for repression (Fig. 2E). 

The novel mechanism of N-WASP repres- 
sion suggests a reciprocal mechanism for ac- 
tivation by both Cdc42 and PIP 2 . These in- 
puts bind the GBD and basic motifs, respec- 
tively, and thus either could disrupt the 
"closed" state and release the active VCA- 
Arp2/3 complex. Activated Cdc42 is known 
to disrupt the intramolecular GBD- VCA in- 
teraction (9, 10), We find that Cdc42 also 
disrupts the control region- Arp2/3 interaction 
(Fig. 3 A). However, this alone cannot explain 
synergistic activation by PIP 2 and Cdc42. 

Synergistic activation could be explained, 
however, if PIP 2 and Cdc42 act cooperatively 
to disrupt the closed state. Therefore, we 



tested if binding of the two inputs is thermo- 
dynamically coupled. Vesicle-binding studies 
show that PIP 2 and Cdc42 can bind the con- 
trol region simultaneously (Fig. 3B), and that 
in the context of mini-N-WASP, Cdc42 can 
dramatically enhance PIP 2 binding (Fig. 3C). 
Moreover, parallel fluorescence binding stud- 
ies show that PIP 2 can enhance Cdc42 bind- 
ing to the control region, in the presence of 
Arp2/3 (Fig. 3D). Thus, cooperative binding 
of PIP 2 and Cdc42 to N-WASP has been 
observed. 

However, this observed cooperativity dis- 
cussed above cannot result from direct interac- 
tion between Cdc42 and PIP 2 , because the two 
inputs do not bind cooperatively to the isolated 
control region (Fig. 3, C and D). Instead, coop- 
erativity must result from coordinated compe- 
tition with other control region (B-GBD) li- 
gands. For example, interaction of the control 
region with the VCA domain, present in mini- 
N-WASP, appears to mask both the PIP 2 - and 
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control region fragments (27). (C) PIP and P1P 2 vesicle spin-down binding assays (29). S indicates supernatant (unbound) and P indicates pellet (bound). 
Control region (residues 178-274) can selectively bind PIP 2 whereas the GBD alone (residues 196-274) cannot. (D) Summary of control region and 
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the repressive network leads to activation. Control region subfragments consisting of either the GBD alone, or the basic motif with a truncated 
GBD (+B-G), activate mini-N-WASP. Actin polymerization assays were performed with 80 nM mini-N-WASP ± 10 u,M of either subfragment. 
The postulated mechanism of artificial activation is shown. 
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Fig. 3. Cdc42 and PIP 2 bind cooperatively to 
N-WASP when competing against repressive in- 
teractions. (A) Cdc42-CTP7S inhibits Arp2/3 
binding to a GST-control region fragment (27). 

(B) PIP 2 vesicle binding assays (29) show that 
Cdc42-GTP7S and PIP 2 can simultaneously bind 
the control region (B-GBD). S indicates superna- 
tant (unbound) and P indicates pellet (bound). 
Cdc42-GTP7S does not bind to PIP, vesicles in 
the absence of the control region (not shown). 

(C) Cdc42-GTP-yS enhances mini-N-WASP bind- 
ing to PIP,. In the absence of Cdc42, mini-N- 
WASP binds poorly to PIP 2 , most likely because 
the GBD-VCA interaction sterically masks the 
PIP 2 -binding site. High-affinity PIP 2 binding is 
observed if Cdc42 is present, or if the VCA 
domain is removed. The cooperative effects be- 
tween Cdc42 and P1P 2 are not observed for 
binding to the control region alone (B-GBD). (D) 
PIP 2 enhances apparent affinity of Cdc42 for the 
control region-Arp2/3 complex. Dissociation 
constants for the control region interaction with 
fluorescently tagged Cdc42 (32), either alone 
(K d ) or with additional factors (K d app ), were mea- 
sured as described in Web fig. 2 (30). We added 
2.5 |xM of Arp2/3 or 10 u-M of PIP 2 (PC:PS:PIP 2 at 
ratios of 48:48:2), or both. The presence of 
Arp2/3 significantly decreases the apparent af- 
finity, as expected, because Arp2/3 competes 
against Cdc42 for binding to the control region 
(A). However, addition of PIP 2 with Arp2/3 re- 
stores the higher apparent affinity, indicating 
that PIP 2 and Cdc42 cooperate to compete 
against Arp2/3 binding. Cooperation is not ob- 
served in the absence of Arp2/3. 
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Fig. 4. Highly coopera- 
tive activation mecha- 
nism of N-WASP allows 
for potent signal inte- 
gration. (A) Thermody- 
namic cycle modeling 
states of Cdc42 (green) 
and PIP, 
ing 

Binding of a second in- 
put molecule is more fa- 
vorable, because the en- 
ergetic cost of disrupt- 
ing the closed state is 
paid by binding of the 
first input molecule. The 
degree of enhancement 
in binding is given by the 
cooperativity factor, c. 
(B) Theoretical curves in- 
dicate the concentration 
of two input molecules 
required to achieve 50% 
activation of a protein 
switch such as that mod- 
eled in (A) (33). inter- 
cepts give the dissociation constants for binding of each input molecule alone. Dependence of the curves on the 
cooperativity constant, c, is also shown, as are experimentally determined concentrations of input molecules 
required to achieve 50% activation of mini-N-WASP (open circles). Each point represents a series of five or 
six actin polymerization assays in which the concentration of one activator is fixed and the concentration 
of the second activator is varied [Web fig. 3 (30)]. The 50% activation points (K act ) are determined based on maximal 

rates of actin polymerization. Data fit the model with c = ~350. (C) Cooperativity provides a mechanism for signal integration. Top graph shows hypothetical 
spatially overlapping concentration gradients of Cdc42-GTP (green) and PIP 2 (purple). The bottom graph shows the calculated response of N-WASP (fraction 
maximal activity) assuming the model in (A) and a cooperativity of either 1 or 350. With high cooperativity, coincident signals are integrated and amplified. 
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Cdc42-binding sites (Fig. 3C). Thus, Cdc42 
strongly enhances PIP 2 binding in this context. 
Arp2/3 binding to the control region also ap- 



pears to mask both the Cdc42- and PIP 2 -bind- 
ing sites, explaining the cooperative effects of 
the two inputs in this context (Fig. 3D). In 



summary, it is the structure and interactions 
within the closed state that makes binding of the 
two inputs highly cooperative. 
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The activation behavior of N-WASP can 
thus be modeled, using the thermodynamic 
cycle shown in Fig. 4A. In the repressed state, 
a network of interactions holds the 
N-WASP-Arp2/3 complex in a closed state. 
Cdc42 and PIP 2 can individually disrupt this 
network and activate the complex. However, 
because their binding sites are masked by 
repressive interactions, binding of either in- 
put alone to the closed state is relatively 
weak. In contrast, if one input molecule is 
prebound, the closed state is destabilized, and 
binding of the second molecule is consider- 
ably enhanced. The degree to which binding 
of one ligand enhances binding of the other is 
determined by the cooperativity factor, c. 
This behavior is analogous to that of any 
cooperative binding protein, such as hemo- 
globin (18, 19), although in this case, coop- 
erativity is observed between heterotropic 
rather than homotropic ligands. Nonetheless, 
both mechanisms involve increasing stabili- 
zation of an open or relaxed state by binding 
of successive ligands. 

This framework reveals that a highly co- 
operative activation mechanism allows for 
potent signal integration. A series of simulat- 
ed contours indicating the concentrations of 
two activating inputs required to achieve 50% 
activation is shown in Fig. 4B. If two input 
ligands are completely independent (c = 1), 
their combined effects are nearly additive and 
the 50% activation contour will be close to 
linear. In contrast, if c is high, the two ligands 
will act synergistically. The 50% activation 
contour will be concave, because when added 
together, significantly lower concentrations 
of each ligand are required for activation. 

We experimentally measured activation of 
mini-N-WASP as a function of both Cdc42 
and PIP 2 concentration (Fig. 4B). High con- 
centrations of either input alone (~3 \xM 
Cdc42 or ~8 jxM PIP 2 ) are required to yield 
50% activation. However, costimulation with 
10-fold less of each input yields the same 
degree of activation. The observed behavior 
closely fits that predicted by our model with 
a cooperativity factor of > 100 linking Cdc42 
and PIP 2 activation (20). 

These results indicate that N-WASP can 
exist in a primed state that, although re- 
pressed, is preloaded with Arp2/3 and 
ready for immediate actin filament assem- 
bly upon activation (27). The high cooper- 
ativity by which this state of N-WASP is 
activated allows it to detect and amplify 
weak but coincident signals of both Cdc42 
and PIP 2 (Fig. 4C) (22). Thus, N-WASP 
approximates a coincidence detector or a 
logical "AND" gate, devices whose output 
is dependent on stimulation by the proper 
combination of inputs (23). The mechanism 
of N-WASP regulation reveals general 
principles by which simple protein interac- 
tion modules, if combined in the proper 



cooperative fashion, can yield a sophisti- 
cated signal-integrating machine. 

Note added in proof. Rohatgi et al. (34) 
have recently also identified the basic motif 
of N-WASP as the PIP 2 responsive element. 
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Direct Coupling Between 
Meiotic DNA Replication and 
Recombination Initiation 

Valerie Borde, 1 Alastair S. H. Goldman, 2 Michael Lichten 1 * 

During meiosis in Saccharomyces cerevisiae, DNA replication occurs 1.5 to 2 
hours before recombination initiates by DNA double-strand break formation. 
We show that replication and recombination initiation are directly linked. 
Blocking meiotic replication prevented double-strand break formation in a 
replication-checkpoint-independent manner, and delaying replication of a 
chromosome segment specifically delayed break formation in that segment. 
Consequently, the time between replication and break formation was held 
constant in all regions. We suggest that double-strand break formation occurs 
as part of a process initiated by DNA replication, which thus determines when 
meiotic recombination initiates on a regional rather than a cell-wide basis. 



During meiosis in most organisms, division 
of the diploid genome among haploid ga- 
metes is accompanied by frequent recombi- 
nation between homologous parental chro- 
mosomes. Recombination occurs after meiot- 
ic DNA replication but before the first mei- 
otic division. In the yeast Saccharomyces 
cerevisiae, blocking meiotic replication has 
been shown to prevent recombination (1-4), 
but the connection between these two funda- 
mental processes remains unknown. A repli- 
cation dependence of meiotic recombination 
would be expected if replication-inhibited 
cells could not form the double-strand breaks 
(DSBs) that initiate recombination. This 
could result either from a direct coupling 
between replication and DSBs or from check- 
point systems that sense incomplete replica- 
tion and prevent DSB formation. 

To test these suggestions, we examined 
DSBs in cells undergoing meiosis in the pres- 
ence of 100 mM hydroxyurea (HU), a con- 
centration that prevents DNA replication (4). 
In such conditions, meiotic progression is 
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normally blocked before the first nuclear di- 
vision (meiosis I) by the MEC1 -dependent 
checkpoint system; progression is restored in 
mecl-1 mutants (4). Wild-type cells sporu- 
lated in HU did not form DSBs, and meiotic 
progression was blocked (5). By contrast, 
about 40% of mecl-1 mutant cells progressed 
through the meiosis I in the presence of HU, 
but DSBs still did not form (Fig. 1). Thus, the 
failure to form DSBs without replication is 
not due to a MEC1 -dependent checkpoint 
block to meiotic progression, making it likely 
that replication is directly required for DSB 
formation. This conclusion is reinforced by 
the finding that clb5 clb6 double mutants, 
which prevent meiotic replication without in- 
ducing the MEC1 block (4), also fail to form 
DSBs (6). 

To further examine the relation between 
replication and DSBs, we used two methods 
to delay replication in the left arm of chro- 
mosome /// (chilll-L). One approach used an 
ars305 ars306 ars307 triple mutation to in- 
activate all meiotic replication origins on 
chr///-L (7) (Fig. 2A). The ars305 ars306 
ars307 chrllf-L is replicated passively by 
forks initiating at ARS309 on the right arm 
(cbxlII-R) or further to the right, at least 126 
kb from the left-hand telomere. On the basis 
of a fork progression rate of 2 kb/min (8), 
replication of the ars305 ars306 ars307 
chr///-L should take at least 40 min longer 



than when these origins are present and ac- 
tive. The other approach used a reciprocal 
translocation (his4::TELl-L, Fig. 2 A), re- 
placing the first 70 kb of chromosome /// 
with the first 4 kb of chromosome I (TEL 1-L). 
This places TEL1-L next to the HIS4-CEN3 
region, which undergoes frequent DSBs (9) 
and contains the early-firing origin ARS306 
(10). Yeast telomeres are late replicating and 
impose this property on nearby sequences 
(11, 12), so this translocation should delay 
replication in the HIS4-CEN3 region. 

We monitored meiotic replication on 
chromosome /// by two-dimensional (2D) gel 
electrophoresis of replication intermediates 
(13). Replication occurred simultaneously at 
three locations on the normal chromosome /// 
(Fig. 2D). By contrast, in ars305 ars306 
ars307 strains, replication on chr/77-L was 
delayed by 60 min relative to chrffl-R (Fig. 2, 
B and D), as expected if chrffl-L was repli- 
cated passively by forks initiating on chr///- 
R. On his4::TELl-L, replication in the HIS4- 
CEN3 region was delayed by 30 min relative 
to cMII-R (Fig. 2D), and most ARS306 ori- 
gin activity was eliminated (5), as expected 
for a telomere position effect on replication. 

Delaying replication did not markedly af- 
fect DSB frequencies on chrffl-L, as mea- 
sured from blots of pulsed-field gels (Fig. 
2C). Maximum DSB levels on the ars305 
ars306 ars307 chiffl-L were identical to 
those on the normal chromosome (20% ± 6% 
compared with 20% ± 5%), as were break 
levels at individual sites (5). DSBs between 
HIS4 and CEN3 on his4::TELl-L were mod- 
estly reduced (6 ± 2% compared with 12 ± 
2% on a normal chromosome), the reduction 
being stronger near TEL1 than near CEN3. 
However, delaying replication locally had a 
distinct, reproducible effect on DSB timing 
(Fig. 2, C and D). DSBs formed simulta- 
neously (1.5 to 2 hours after replication) in 
both arms of the normal chromosome ///. By 
contrast, overall DSB formation in the late- 
replicating ars305 ars306 ars307 chrHl-L 
was delayed by 30 min compared with 
chrlll-R (Fig. 2, C and D). Thus, the time 
interval between replication and DSB forma- 
tion was maintained in both arms. Further- 
more, the DSB delay in the originless chrlll-L 
varied with distance from active right-arm 
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Summary 

The classical model for the activation of the nucleotide 
exchange factor Son of sevenless (SOS) involves its 
recruitment to the membrane, where it engages Ras. 
The recent discovery that Ras»GTP is an allosteric 
activator of SOS indicated that the regulation of SOS 
is more complex than originally envisaged. We now 
present crystallographic and biochemical analyses of 
a construct of SOS that contains the Dbl homology- 
pleckstrin homology (DH-PH) and catalytic domains 
and show that the DH-PH unit blocks the allosteric 
binding site for Ras and suppresses the activity of 
SOS. SOS is dependent on Ras binding to the allosteric 
site for both a lower level of activity, which is a result 
of Ras»GDP binding, and maximal activity, which re- 
quires Ras«GTP. The action of the DH-PH unit gates a 
reciprocal interaction between Ras and SOS, in which 
Ras converts SOS from low to high activity forms as 
Ras*GDP is converted to Ras«GTP by SOS. 

Introduction 

The signaling protein Ras is a molecular switch that 
cycles between inactive GDP bound and active GTP 
bound states (Vetter and Wittinghofer, 2001). Receptors 
that signal through tyrosine kinases activate Ras by re- 
cruiting the Ras-specific nucleotide exchange factor 
Son of sevenless (SOS) to the plasma membrane, where 
SOS and Ras form a complex that results in the expul- 
sion of otherwise tightly bound nucleotides from Ras 
(Yarden and Sliwkowski, 2001; Nimnual and Bar-Sagi, 
2002; Boriack-Sjodin et al., 1998). Ras is kept under 
strict control in the cell, and the unregulated activation 
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of Ras is a consistent hallmark of many cancers (Cole- 
man et al., 2004). 

SOS is a complex multidomain protein of about 1330 
residues (Figure 1 A). The N-terminal domain (^200 resi- 
dues) contains two tandem histone folds of unknown 
function (Sondermann et al., 2003) and is followed by 
a Dbl homology (DH) domain (~200 residues) and a 
pleckstrin homology (PH) domain (~1 50 residues) that 
together are implicated in the activation of the small 
GTPase Rac1 (Nimnual et al., 1 998; Soisson et al., 1 998). 
The next two domains are both required for the Ras- 
specific nucleotide exchange activity of SOS and are 
always found together in other Ras-specific nucleotide 
exchange factors. The first of these is the Ras exchanger 
motif (Rem) domain (~200 residues), which is followed 
by the Cdc25 domain (^300 residues; named for homol- 
ogy to Cdc25, the Ras activator protein in yeast) (Bori- 
ack-Sjodin et al., 1998). We refer to these two domains 
together as SOS 0 *. Finally, the ~250 residues in the 
C -terminal region provide docking sites for adaptor pro- 
teins such as Grb2 (Buday and Downward, 1993; Egan 
et al., 1993; Gale et al., 1993; Li et al., 1993). 

The structure of nucleotide-free Ras in complex with 
SOS 0 * showed that Ras is bound in such a way that its 
nucleotide binding site is almost completely disrupted 
(Boriack-Sjodin et al., 1998). The interaction between 
Ras and SOS is localized entirely to the Cdc25 domain, 
and the position and function of the Rem domain, which 
interacts with a surface of the Cdc25 domain that is 
distal to the active site, was puzzling at first. A recent 
crystallographic study uncovered a role for the Rem 
domain in a previously unsuspected allosteric mecha- 
nism in SOS (Margarit et al., 2003). Ras* GTP, the product 
of the exchange reaction, interacts with a distal binding 
site on SOS 0 * that is between the Rem and Cdc25 do- 
mains, thereby forming a bridge between these two do- 
mains (Figure 1A). Binding of Ras»GTP to this distal 
allosteric site results in increased Ras exchange activity, 
indicating the presence of a positive feedback loop in 
the activation of Ras by SOS. 

Initial models for the regulation of SOS emphasized 
its recruitment to the membrane as the key step of acti- 
vation, since Ras is membrane bound. The regulation of 
SOS is likely to be more complex than simple membrane 
recruitment. In addition to the Grb2-mediated recruit- 
ment of SOS to the plasma membrane, early experi- 
ments suggested a role for the N-terminal segment of 
SOS in its activation (Byrne et al., 1996). Deletion of 
the C-terminal docking segment or the N-terminal 550 
amino acids (including the histone domain and the DH- 
PH unit) increases SOS activity in cellular assays (Corba- 
lan-Garcia et al., 1998; Kim et al., 1998; Qian et al., 
1998). These results, as well as a recent genetic study 
of Drosophila SOS (Silver et al., 2004), suggest that there 
is a complex but poorly characterized interplay between 
the domains of SOS that results in modulation of the 
ability of SOS to activate Ras (Hall et al., 2002). 

In the present study, we investigate a construct of SOS 
(SOS DH PH " oat ) that contains the DH-PH unit in addition to 
the catalytic unit (SOS 0 *). By determining the structure 



Cell 
394 




B 



PH-Rem 
Helical linker 



Helical hairpin 



Cdc25 



Rem 



Rem 




DH 



Rem 

© SOS DIW9fcksal 
• SOS 031 



Helical hairpin 
SOS DH.PH^t 




Cdc25 

9 sos DH " PH ^ cat 
sos^ 1 



Helical hairpin 



Catalytic 
site 



Helical hairpin 
® SOS 0 * 1 




Figure 1. Structure of SOS" 4 *"** 

(A) Domain organization of SOS and overview of a ternary Ras:SOS complex. The crystal structure of the RasrSOS^Ras^^GppNp ternary 
complex is shown (Margarit et al., 2003; PDB code 1 NW). The helical hairpin of the Cdc25 domain is shown in orange. 

(B) The crystal structure of SOS DH - PH * at . Two orthogonal views are shown with coloring according to the diagram shown in (A). 

(C) Comparison of SOS DM ' f,H " c,,, with the structure of the ternary RasiSOS^Ras'GTP complex (PDB code 1NW). The structures were aligned 
through superpositioning of the two respective Rem domains of SOS™*™ 4 " 0 * and SOS 0 *. Ras at the catalytic site is not shown for clarity (see 
[A]). Note that the distal Ras YMA »GppNp (green) in the ternary complex overlaps with the DH domain of SOS DH • pH<,,, . A close-up view of the 
Rem«Cdc25 interface is shown (right). 
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of SOS 0 "'™**, we show that the DH-PH unit inhibits SOS 
by blocking the distal allosteric Ras*GTP binding site of 
SOS. Surprisingly, blockage of the allosteric Ras binding 
site suppresses both the unstimulated (by Ras*GTP) 
and the allosterically stimulated levels of activity of SOS, 
leading to the discovery that the basal level of SOS 
activity is dependent on the binding of Ras»GDP to the 
distal site. It appears that the SOS protein has evolved 
to have its nucleotide exchange activity be masked until 
as yet undiscovered signals trigger the displacement of 
the DH-PH unit and the opening of the allosteric site, 
allowing Ras itself to stimulate SOS to first low and then 
high levels of activity. 

Results and Discussion 

Crystal Structure of SOS 01 "*- 0 * 
We determined the crystal structure of SOS 0 "-™"** at 
3.62 A resolution using phases determined experimen- 
tally to 4.0 A resolution (see Experimental Procedures 
and Supplemental Tables S1 and S2 at http://www.cell. 
com/cgi/content/fuII/119/3/393/DC1/). Extensive screening 
of crystallization conditions did not improve crystalline 
order, and, given the resolution of the X-ray data, we 
have chosen not to refine individual atomic positions. 
Instead, we limited model optimization to rigid-body 
refinement of the positions and orientations of the indi- 
vidual domains, which are placed with high confidence 
because of the excellent quality of the experimental 
electron density maps (see Supplemental Figure S1). 
These maps suggest that the structure of each domain 
is essentially the same as that seen previously in crystal 
structures of the isolated DH-PH module and the SOS** 1 
domain bound to Ras (Soisson et al., 1998; Boriack- 
Sjodin et al., 1998; Margarit et al., 2003). 

The crystals contain two molecules of SOS 0 "-™- 0 * in 
the asymmetric unit, with similar structure. SOS 0 "'™* 0 * 
forms a curved C-shaped assembly that has the PH 
domain at one end and the Cdc25 domain at the other 
(Figure 1 B). The PH domain interacts only with the DH 
domain, which in turn packs against the face of the Rem 
domain that is distal to the Cdc25 domain and makes no 
contact with the latter. A helical linker (residues 550-566) 
that is not present in previous models is seen to connect 
the PH and Rem domains and was traced unambigu- 
ously (Figure 1 and see Supplemental Figure S1 on the 
Cell web site). This linker packs against a hydrophobic 
patch on the DH domain, with ~1500 A 2 of surface area 
buried at the interface, and may therefore be important 
in positioning the DH-PH module with respect to SOS 0 * 
(Figure 1 B). The internal structure of the DH-PH unit 
within this assembly is essentially the same as that seen 
previously in the structure of the isolated DH-PH do- 
mains (Soisson et al., 1998). 

The general structure of the SOS 0 * module in 
SOS 0 " ™- 0 * is distorted slightly with respect to that seen 
previously in binary or ternary complexes of SOS bound 
to Ras (Boriack-Sjodin et al., 1998; Margarit et al., 2003) 
(Figure 1 C). In the two molecules in the asymmetric unit 
of the crystal, the Rem and Cdc25 domains are splayed 
apart by 20° and 28°, respectively, so that the tight con- 
tact between the Rem domain and the helical hairpin 
structure of the Cdc25 domain, seen in crystal structures 



of SOS 0 * bound to Ras, is broken in SOS 0 "'™" 0 * (Figure 
1C). The interface between the Rem domain and the 
helical hairpin of the Cdc25 domain is known to be im- 
portant for SOS activity (Hall et al., 2001 ), and the disrup- 
tion of this interface correlates with the reduced level 
of nucleotide exchange activity exhibited by SOS 0 "'™ -0 * 
(see below). 

A notable feature of the SOS 0 ""™" 0 * structure is the 
location of the DH domain, which is positioned so that 
it blocks the allosteric binding site for Ras (Figure 1C). 
This feature predicts that the nucleotide exchange activ- 
ity of SOS 0 "'™" 0 * would not be readily stimulated by 
Ras*GTP, since the binding of Ras*GTP to the distal 
site would require that the DH domain swing out of 
the way. 

The DH domain packs against the Rem domain, with 
an interface that is conserved in sequence from humans 
(SOS1 and SOS2) to C. elegans, and is composed mainly 
of polar residues (Figure 2A). There are differences in 
the relative positioning of the DH and Rem domains in 
the two molecules in the asymmetric unit, in which the 
DH domains are rotated by 11° with respect to one an- 
other (data not shown). Despite the loose nature of its 
linkage to the Rem domain, the DH domain appears to 
act as an efficient latch on the distal Ras binding site 
of SOS because of its stable positioning by the helical 
PH-Rem linker (Figures 1B and 1C). 

The DH-PH Unit Inhibits the Ras-Specific 
Nucleotide Exchange Activity of SOS 
In assaying the nucleotide exchange activity of 
SOS 0 ""™- 0 *, we take advantage of a mutant form of Ras, 
Ras Y64A , which binds to the distal site of SOS but not to 
the catalytic site (Margarit et al., 2003; Hall et al., 2001 ; 
Boriack-Sjodin et al., 1 998). We also discuss two mutant 
forms of SOS. SOS 0 ** 72 * does not bind Ras at the distal 
site (Figure 2B) (see below), and S0S DH PH ' c * :trip,ejmjt 
(E268A/M269A/D271 A) has a weakened Rem-DH inter- 
face (Figure 2A). These two mutant forms of SOS are 
part of a large set of mutations that we have screened 
for activity, and, since our results are internally consis- 
tent, we focus mainly on these two for clarity. In experi- 
ments that call for Ras»GTP, we use the nonhydrolysa- 
ble GTP analog GppNp instead of GTP, so that the 
hydrolysis of GTP by Ras is not a complicating factor. 
For simplicity, we refer to Ras*GppNp as "Ras*GTP." 

The autoinhibition of SOS 0 " ™" 0 * is demonstrated by 
an assay in which the release of fluorescently labeled 
GDP from Ras is monitored (Ahmadian et al., 2002) (Fig- 
ure 2C). When the SOS:Ras*GDP ratio is 1 :1 , the release 
of GDP from Ras is about three times slower with 
SOS 0 "-™* 0 * when compared to SOS 0 * (Figures 2C and 
2F). More strikingly, SOS 0 " ™" 0 * is inert to allosteric stim- 
ulation by Ras* GTP. Whereas addition of stoichiometric 
amounts of Ras Y64A «GTP accelerates the turnover by 
SOS 0 * significantly, there is no significant increase in 
the rate of the SOS 0 " p "-°*-catalyzed nucleotide release 
under identical conditions (Figure 2). The addition of 
a 20-fold molar excess of Ras Y84A# GTP to SOS 0H ™-°* 
increases the rate of GDP release from Ras only margin- 
ally, to a level comparable of that obtained with the 
SOS 0 * domain in the absence of Ras Y64A *GTP (Figure 2C). 

The inability of Ras*GTP to stimulate the activity of 
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Figure 2. Kinetic Analysis of S0S DH4,H< * and Mutant Forms of SOS 6 * and SOS 0 "** 0 * 

(A) Interactions between the DH and Rem domains in SOS 0 * 4 -***** 1 . The combination of mutations analyzed in (E) and (F) and in Figure 5 are shown. 

(B) Interactions between the Rem domain of SOS and Ras at the distal binding site on SOS. The structure of a ternary RasiSOS^Ras'GTP 
complex is shown (PDB code 1 NW; Margarit et al., 2003). Mutations analyzed in (D) and (F) and Figures 3 and 5 are shown. Asterisks indicate 
double mutants. 

(C) Nucleotide exchange rates for SOS 0 *™-" 1 . Ras*mantGDP (1 yM) was incubated in buffer containing unlabeled GDP (200 p.M) j n the absence 
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50SDH-PH-cat is consistent with the crystal structure, in 
which the DH domain blocks the allosteric binding site 
for Ras. This naturally raises the question as to the 
nature of the trigger that releases this inhibition. This 
issue is unresolved at present, but mutations at the 
DH-Rem interface that are expected to destabilize the 
interaction between the DH and Rem domains (Figure 
2A; S0S DH PH * cat:tf1pl0 mtrt ) have the effect of partially relieving 
the inhibitory effect of the DH domain on the stimulation 
of SOS 0 """-** by Ras»GTP (Figures 2E and 2F; a cell- 
based assay of this mutant is discussed in a later sec- 
tion). Although the basal activity of S0S DH PH cat:trtp,&mut is 
not increased significantly compared to wild-type (Fig- 
ures 2C and 2E), the mutant protein is more readily 
stimulated by the addition of Ras*GTP. Addition of 
Ras Y64A »GTP, in a stoichiometry of 1:1 relative to 
SOS DH PH * cafctr1plejnut , yields nucleotide exchange rates that 
are comparable to those of the isolated, unstimulated 
SOS"* domain, and a 20-fold molar excess of Ras Y64A » 
GTP increases the rate to the maximal level observed 
when SOS*' is stimulated by Ras # GTP (Figures 2E 
and 2F). 

Blockage of the Distal Ras Binding Site Decreases 
the Affinity of SOS for Ras at the Catalytic Site 
To further assess the autoinhibition of SOS experimen- 
tally, we measured the affinity of Ras for the catalytic 
site of SOS by using fluorescence anisotropy. In these 
experiments, we use Oregon green-labeled Ras (see 
Experimental Procedures) that can, in principle, bind 
to either the active site of SOS or the distal site. The 
experiments are set up so that the distal site is either 
blocked, as in S0S DH PH cat or SOS^iRas^-GTP, or dis- 
rupted by mutation, as in SOS catW729E (see below) (Figures 
3 and 5). Our analysis is thus interpreted in terms of the 
binding of Ras at the catalytic site. 

It is intriguing that the presence of the DH-PH unit in 
505DH-PH-cat not on |y blocks the binding of the allosteric 
Ras«GTP, as is expected from the crystal structure, but 
also reduces the affinity of the catalytic site for Ras 
(Figure 3). Similar results are obtained for SOS catW729E , 
which does not bind Ras at the distal site. From the 
titration curves, we estimate that Ras has relatively low 
affinity for the catalytic sites of S0S DH PH cat and the SOS 
mutant that cannot bind the distal Ras (SOS cat:W72flE ) (K<, 
~29.9 |xM and ~14.5 uJvl, respectively) (Figure 3). In 
contrast, when we load the distal site of SOS 0 * with 
Ras Y64A »GTP, added in 10-fold molar excess to saturate 
the distal site, the affinity for Ras at the catalytic site is 
significantly higher [K^ M.9 u,M). The ability of Ras 
bound to the distal site to increase the affinity of Ras 
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Rgure 3. Binding of Ras to the Catalytic Site of SOS 
Ras cin»/Ai22c was labeled w ith Oregon green and loaded with GDP. 
fluorescence anisotropy was used to measure the affinity of 
Ras cii8*Ai22c. GDP (1 ^ M ) tor ^ catalytic site of SOS"*" 72 * SOS"*: 
Ras Y64A «GppNp (10 jtM), and SOS 1 **"***. The fluorescence anisot- 
ropy of Ras^^^GDP alone was subtracted from each data point 
of the titration. Affinities were estimated by nonlinear regression (K* 
Ras'GDPrSOS"*"" 1 * 7296 -14.5 ^M; K* Ras-GDPiSOS^Ras^ 
GppNp -1.9 ilM; K*. Ras •GDP: SOS 0 *™** ~29.9 fiM). 



for the catalytic site of SOS is likely to be a key compo- 
nent of the mechanism by which Ras stimulates the 
activity of SOS. 

Crystal Structure of a RasiSOS 0 *: 
Ras Y64A »GDP Complex 

The structure of SOS 0 ""™" 0 * explains the inability of 
Ras»GTP to stimulate nucleotide exchange activity ro- 
bustly, since the distal binding site is blocked. The struc- 
ture does not provide a ready explanation for our obser- 
vation that the basal level of activity displayed by 
SOS 0 ""™" 0 * (i.e., unstimulated by Ras^GTP) is lower than 



or presence of SOS 0H - pH - cat (1 ixM). The release of labeled nucleotide in the presence of stoichiometric amounts of Ras VMA «GppNp (1 x and 
20x) is shown. 

(D) Comparison of SOS cat - and SOS^^^-mediated nucleotide release. The assay conditions are identical to (C), except that the wild-type 
and the mutant form of SOS 0 * (see [B]) were used. 

(E) Nucleotide exchange by SOS DH - pH - c * with mutations in the DH:Rem domain interface. The assay conditions are identical to (C), except that 
the mutant form of SOS™-""*, SOS™-™-**^ 1 "* (see [A]), was used. 

(F) Comparison of nucleotide exchange rates of wild-type and mutant forms of SOS DH • PH ' CI, and SOS™ 1 . Rates were fitted to single exponentials. 
Error bars indicate standard deviations of three independent experiments. Colors are consistent with (C), (D), and (E). Orange bars represent 
the basal, unstimulated SOS^^^-mediated exchange rate; gray and red bars show rates in presence of 1 \lM and 20 m-M Ras Y64A «GTP, 
respectively. SOS^-catalyzed exchange rates in the absence and presence of Ras^^GTP are shown in olive and green, respectively. 
Nucleotide exchange rates for wild-type SOS** and two mutant variants, SOS 5 *** 72 * and S0S c * LW7E/R688A (see [BD, are shown. 
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that for SOS 081 in the absence of Ras* GTP (Figures 2C 
and 2F). The DH domain in SOS 0 ""™" 0 * makes no contact 
with the Cdc25 domain, and electron density maps re- 
veal no evidence for significant structural changes within 
the Rem or Cdc25 domains of SOS DH PH * cat , thus ruling 
out any obvious mechanism for the transmission of con- 
formational changes that might couple DH-Rem interac- 
tions to changes at the Cdc25 active site. 

It occurred to us that the most ready explanation for 
the observed breakage of the Rem-Cdc25 interactions 
in S0S DH PH cat is that this interface might be intrinsically 
unstable in the absence of Ras bound at the distal bind- 
ing site (Figure 1C). We have shown previously that 
Ras*GTP binding to the distal site brings these two 
domains of SOS"* closer together, thereby stabilizing 
the helical hairpin of the Cdc25 domain, a structural 
element that is critical for Ras binding at the active 
site (Margarit et al., 2003). In this section, we present a 
crystal structure of a ternary complex of RasiSOS 031 : 
Ras Y64A *GDP. This structure demonstrates that Ras* 
GDP can also provide the bridging function at the distal 
site, suggesting that the decreased nucleotide ex- 
change levels of SOS"*-"** and SOS caew729E are due to 
lack of Ras binding at the distal site. 

Crystals of the ternary RasiSOS^iRas-GTP com- 
plexes that we have reported on earlier were obtained 
by purifying these complexes by gel filtration chroma- 
tography. Ras Y64A *GDP binds to SOS 0 * with too low an 
affinity for the isolation of ternary complexes by gel 
filtration chromatography. Instead, we obtained crystals 
of such a complex by adding a 4-fold molar excess of 
Ras Y64A #GD p t0 a bj nar y RasiSOS 0 * complex and setting 
up crystallization trials with these solutions. Crystals 
were obtained under conditions that are similar to those 
described previously for the RasiSOS^iRas^GTP com- 
plexes (see Experimental Procedures; Margarit et al., 
2003). Diffraction data to 2.7 A resolution were collected 
using synchrotron radiation, and structure determina- 
tion was straightforward because the space group and 
unit cell dimensions (space group 1422, a = b = 1 83.7 A, 
c = 177.8 A, one complex in the asymmetric unit) are 
similar to those of the ternary Ras*GTP complex. 

The structure of the RasiSOS^Ras^-GDP complex 
closely resembles that of the ternary RasiSOS^iRas* 
GTP complexes determined previously, except that the 
nucleotide binding site of the distal (allosteric) Ras is 
occupied by GDP and a phosphate ion (P), instead of 
GTP (Figure 4A). Difference electron density maps reveal 
a break in electron density between the (3 -phosphate of 
the bound nucleotide and the phosphate ion (Figure 4A). 
The distance between the p-phosphate of GDP and the 
phosphate ion (4.1 A) is significantly larger than that 
between the p- and 7-phosphates of the nucleotide in 
Ras* GTP and Ras*GppNp (~3 A) (Figures 4A and 4B). 
Furthermore, refinement with GTP instead of GDP mod- 
eled at the Ras active site results in strong negative 
electron density across the terminal phosphate bond 
and strong positive density for a dissociated phosphate 
ion, consistent with the nucleotide bound state being 
GDP*P,*Mg 2 + (Figure 4C). 

Ras*GDP*P, bound at the distal site of SOS adopts 
a conformation that is characteristic of Ras* GTP, con- 
firming that the distal site has primary specificity for 



Ras* GTP (Figures 4D and 4E) (Pai et al., 1990; Milburn 
et al., 1 990). The coordination of empty Ras at the cata- 
lytic site of SOS is identical in both ternary complexes, 
with either Ras*GTP or Ras*GDP*P, bound at the distal 
site, demonstrating that the binding of Ras*GDP at the 
allosteric site accomplishes the same structural effects 
at the active site of SOS 0 * as does the binding of 
Ras*GTP. The phosphate ion concentration in the crys- 
tallization condition is 1 .2 M, which might account for 
the presence of free phosphate at the nucleotide binding 
site. Binding measurements carried out in the absence 
of added phosphate ion (see below) demonstrate that 
this is not a requirement for Ras*GDP binding to the 
distal site. 

Significant differences between the structures of 
Ras*GTP and Ras*GDP*P, bound to the distal site are 
localized mainly to the switch 2 region (Figure 4D), with 
switch 1 of Ras*GDP*P, being essentially in the confor- 
mation seen previously for Ras* GTP complexes. Gln- 
61 in switch 2 is pushed outwards by the phosphate 
ion, and the switch region adjusts accordingly. The coor- 
dination of GDP*Pi in Ras is similar to that seen in Arl2, 
another GTPase whose structure has been solved with 
GDP*P,*Mg 2+ bound at the active site (Hanzal-Bayer et 
al., 2002). The Ari2 structure was determined in complex 
with an effector protein, phosphodiesterase 5, the pres- 
ence of which may stabilize the GTP bound conforma- 
tion of the switch regions even in the presence of 
GDP*P,. 

Affinity of Ras for the Distal/Allosteric Site on SOS 
We determined the affinity of Ras Y64A for the distal site 
in SOS by fluorescence anisotropy measurements using 
an Oregon green-labeled mutant variant of Ras Y64A (see 
Experimental Procedures). The change in fluorescence 
anisotropy upon addition of SOS reflects the formation 
of a Ras:SOS complex in solution (Figure 5A). The affinity 
of SOS 0 * for Ras^^GTP at the distal site is relatively 
high (K<, ~3.6 ^M). Ras Y64A *GDP shows weaker binding 
(K<, ~24.5 jjlM) (Figure 5A). This is consistent with nucleo- 
tide exchange assays, in which an ~1 0-fold excess of 
Ras Y64A *GDP over SOS 0 * provides the same stimulation 
as a 1 :1 ratio of Ras Y84A *GTP and SOS 081 (Supplemental 
Figure S2). 

As a control, the titrations were repeated with 
SOS cat:w729E ( the mutant form of S os that is not expected 
to bind Ras at the distal site because of the critical role 
of Trp-729 in coordinating Ras residues (Figure 2B). No 
significant change in fluorescence anisotropy was ob- 
served during the titration for Ras Y64A loaded with GDP 
or GTP, indicating that the change in fluorescence an- 
isotropy observed with wild-type SOS 081 corresponds to 
Ras binding at the distal site (Figures 5A and 5B). 

To compare the binding of Ras at the distal site in 
wild-type and mutant forms of SOS 0 "'™- 0 * we measured 
the fluorescence anisotropy using a concentration of 
SOS and Ras such that binding of SOS 0 * to Ras Y64A *GTP 
is almost maximal and binding of Ras Y64A *GDP is clearly 
detectable (see arrow in Figure 5A). Titrations for Ras YWA * 
GTP binding to S0S DH - pHsatt and a mutant form, 
SOSDH.PH-cattripie.mut (E268A/M269A/D271 A, Figure 2A), are 
shown as Supplemental Data (Supplemental Figure 
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Figure 4. Structure of a RasiSOS^iRas^'GDP Complex 

(A) Distal Ras Y64A »GDP»P, in the structure of the ternary complex. The electron density map shown has amplitudes of (|F 0 | - |F C |), with F 0 and 
F c being the observed and calculated structure factors. Phases were calculated from a model at a stage of the refinement prior to inclusion 
of nucleotide. The blue electron density contour is at 3.8a. Mg 2+ is shown as a yellow sphere. 

(B) Distal Ras Y64A »GppNp in the structure of the ternary RasjSOS^Ras^^GppNp complex (Margarit et al., 2003). The electron density map 
shown was calculated as in (A), with phases calculated from a model of the RasiSOS^Ras^^GppNp complex (PDB code 1 NW) at a stage 
of the refinement prior to inclusion of nucleotide. The electron density contour is at 3.8a. 

(C) Distal Ras in the ternary RasiSOS^Ras^^GDP-P, complex, refined with GTP instead of GDP bound to Ras. In this case, the phases 
used to calculate the electron density map were derived from a model that included GTP, with (|F 0 | - |F e |) amplitudes. Positive density is 
shown in blue, and negative density is shown in red. The electron densities are contoured at 3a and -3a, respectively. 

(D) Comparison of distal Ras conformations in RasrSOS^rRas-GXP complexes. Distal Ras»GppNp from structures of ternary complexes (PDB 
codes 1NW [gray] and 1 NVW [black]) were superimposed on Ras YMA »GDP«P, (orange) from the ternary complex. Switch 1 and 2 regions are 
highlighted (blue, Ras YMA *GDP«P,; magenta, Ras Y84A «GppNp; green, Ras^GppNp). 

(E) Comparison of distal Ras in the RasiSOS^Ras^^GDP-P, complexes with conformations of free Ras. Distal Ras VMA «GDP«P, from the 
ternary complex structure was superimposed on Ras»GTP (PDB code 121P) and Ras»GDP (PDB code 4Q21). Switch 1 and 2 regions are 
highlighted (blue, Ras Y64A »GDP»P,; red, Ras^'GDP; green, Ras^GTP). 



S3A). S0S DH PH cflt does not bind Ras V64A »GTP to a signi- 
ficant level, consistent with results reported above 
(Figures 2C and 5B). A mutant form of SOS DHPH - ca! 
(SOSOH-PH^piemut. E268A/M269A/D271A, Figure 2A), in 
which the Rem-DH interface is weakened by replacing 
three interfacial residues by alanine (Figure 2A), shows 
detectable binding of Ras Y64A »GTP (Figure 5B) and, to a 
lesser extent, Ras Y64A »GDP (Supplemental Figure S3B). 



This mutant form of SOS DH PH ' cat also shows significant 
activation by allosteric Ras Y64A «GTP (Figures 2E and 2F). 

Mutations in SOS 031 that Block Distal Ras Binding 
Mimic the Autoinhibited State of SOS 0H PHH:at 
Taken together, our results suggest that a primary role 
of the DH domain in the autoinhibitory mechanism is to 
block the binding of Ras«GDP and Ras* GTP to the distal 
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Figure 5. Binding of Ras to the Distal Site of SOS 

(A) Binding of Ras YMA to the distaJ binding sites of SOS. Binding of 
Oregon green-labeled Ras Y84A/c1ie8/A122C to SOS" 4 was monitored by 
changes in fluorescence anisotropy. Ras Y64A/c118&/A122c (1 \iM) was 
loaded with GppNp (green) or GDP (red). Increasing amounts of 
wild-type SOS 0 * (filled symbols) or SOS*** 7286 (open symbols) were 
added. The fluorescence anisotropy of Ras* 6 *" 01188 "" 220 alone was 
subtracted from each data point of the titration. Affinities were esti- 
mated by nonlinear regression (Kd, Ras Y64A *GppNp:SOS caJ ~3.6 nM; 
Kd, Ras^GppNpiSOS" 1 -24.5 jjlM; no binding to SOS 0 *™**). 

(B) Ras YMA binding to SOS 0 * 1 and SOS DH - pH * ca1 . Fluorescence anisot- 
ropy of labeled Ras YMA/c11KyA122C (1 \lM) was measured in the absence 
and presence of wild-type SOS 0 *, SOS 6 ** 7296 , wild-type SOS 0H " fH " ca \ 
or SOS DH - pH - catwp * mut (10 For mutant fomis of SOS 0 * 1 and 
S0S DH.PH<at variants> on | y Ras Yfl4A/c118a/A122C »GppNp binding is shown, 
since GDP-loaded Ras is expected to show weaker binding based 
on the results described in (A). 



site, rather than to directly induce structural changes in 
the catalytic site of SOS. This is consistent with the 
effects of mutations in SOS 0 * that disrupt the binding 
site for distal Ras. In nucleotide exchange assays, 
50s cat:W729E has lower basal activity than wild-type SOS 0 *, 
and the aliosteric stimulation by Ras«GTP is lost, as is 
the case for S0S DH PH cat (Figures 2D and 2F). We also 
generated another mutant form of SOS 081 , in which Arg- 
688 and Leu-687 are replaced by alanine and glutamic 
acid, respectively (SOS°* : ^ 7E/R688A ). Like Trp-729, these 
two residues are located at the base of the Rem domain 



and interact with the switch 1 region of Ras»GTP or 
Ras»GDP bound at the distal site (Figure 2B). As seen 
for SOS"** 7 **, SOS 0 *"*™ 688 * has lower basal exchange 
activity than wild-type SOS 0 * and is not stimulated by 
Ras*GTP (Figure 2F). These results point to the impor- 
tance of Ras»GDP in enabling an intermediate activity of 
SOS, a fact that was not appreciated previously because 
Ras* GDP was always present in the assay solutions 
used to measure SOS activity. 

Importance of the Aliosteric Binding Site 
for the Activation of Ras in Cellular Assays 
To further validate the relevance of the aliosteric mecha- 
nism of SOS, we turned to a cell-based assay for SOS 
activity. COS1 cells were cotransfected with expression 
plasmids encoding T7-tagged SOS constructs and a 
vector from which HA-tagged ERK2 is expressed, as 
described earlier (Corbalan-Garcia et al., 1998). Trans- 
fection efficiencies were adjusted to yield similar levels 
of expression of the various SOS constructs. ERK2 was 
immunoprecipitated with anti-HA antibodies, and its ki- 
nase activity was assayed using myelin basic protein 
(MBP) as a generic substrate. 

Expression of SOS 081 in cells leads to robust activation 
of ERK2, as seen previously (Figure 6 and Corbalan- 
Garcia et al. [1998]). Consistent with the results 
described above, the two mutant SOS 6 * proteins that 
block aliosteric Ras binding in vitro (SOS 08 ** 7295 and 
SOS 0 *^ 7 ^ 688 *) are significantly impaired in their ability 
to stimulate ERK2 kinase activity (Figure 6A). These re- 
sults provide evidence for the importance of the alioste- 
ric site of SOS for the activation of Ras in a cellular 
context. 

Previous experiments have shown that the entire 
N-terminal segment of SOS, including the histone folds 
in addition to the DH-PH unit, inhibits SOS activity in 
cells (Corbalan-Garcia et al., 1998). We now show that 
the DH domain is the critical element of this autoinhibi- 
tion. Whereas expression of constructs containing the 
DH domain (SOS"" 0 "'™" 0 * and SOS 0 "*™" 0 *) result in signifi- 
cantly reduced stimulation of ERK2 kinase activity (Fig- 
ure 6B and Corbalan-Garcia et al. [1998]), constructs 
lacking the DH domain, either by N-terminal or internal 
deletion (SOS™" 0 * or SOS A0H ), show levels of ERK2 acti- 
vation similar to SOS 6 *. The differences between panels 
A and B (Figure 6) with respect to the extent of ERK2 
activation by SOS 0 * reflect differences in SOS 0 * expres- 
sion levels due to experimental variations in transfec- 
tion efficiencies. Mutations at the DH-Rem interface 
(S0S DH.PH^attrfpie^ut and another mutant form of SOS 0 ""™" 0 * 
with additional mutations) partially alleviate the autoin- 
hibition in the cell-based assay, again consistent with 
our in vitro data (Supplemental Figure S4). 

Conclusions 

The activation of Ras has profound consequences for 
the cell, with downstream effects ranging from alter- 
ations in cellular architecture and motility to changes in 
the control of cell cycle and differentiation programs 
(Coleman et al., 2004). Given the ability of activated Ras 
to so potently affect cellular function, it is perhaps to 
be expected that the Ras activator SOS is subject to 
complex regulatory control. What is surprising in our 
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Figure 6. Activation of ERK MAP Kinase by SOS 

COS1 cells were transiently cotransfected with HA-tagged ERK2 and T7-tagged SOS constructs as indicated. ERK2 activation was measured 
in serum-starved cells by an immunoprecipitated kinase-kinase assay using myelin basic protein (M BP) as a substrate. Results were normalized 
to the vector control reaction. Western blots detecting T7- and HA-tagged proteins are shown. (A) Activation of ERK2 by SOS" 1 and SOS 0 * 
mutants. Results shown in the bar diagram are from three independent experiments. Error bars indicate standard deviations of three independent 
experiments. The amout of 32 P incorporation into MBP was quantified by phosphorimaging. Autoradiograms and Western blots shown are 
from a single representative experiment. (B) Activation of ERK2 by SOS truncations. Results shown are from a single representative experiment. 
Experiments were repeated three times with similar results. 



findings is the central role for Ras itself in determining 
the activation status of SOS. We had shown previously 
that Ras«GTP stimulates SOS to maximal levels of activ- 
ity (Margarit et ah, 2003). Ras«GTP binds with high affin- 
ity to the Rem and Cdc25 domains, probably stabilizing 
an active conformation of SOS. We have now shown 
that Ras»GDP binds at the same allosteric site, but with 
lower affinity, and sets an intermediate level of SOS 
activity in our assays (Figure 7A). 

The crystal structure of S0S DH PH cat described here re- 
veals that the allosteric Ras binding site in SOS is 
blocked by the DH domain, which is located far from 
the active site of SOS. It appears that the DH domain has 
no direct inhibitory effect on the Ras-specific nucleotide 
exchange reaction but rather functions as a gate for Ras 
binding to the allosteric site. 

For robust activity inside the cell, SOS would have to 
adopt a conformation at the membrane or in signaling 
complexes such that Ras has access to both the cata- 
lytic and the allosteric sites of SOS. We do not know 
how the inhibitory effect of the DH domain is relieved 
in vivo, but we expect that some sort of release mecha- 
nism will be important, since Ras»GTP binding to the 
distal site by itself does not seem efficient at releasing 
the autoinhibition mediated by the DH domain. The ki- 
netic parameters of the reaction described here for freely 
diffusing proteins in solution might differ significantly 
when Ras:SOS complexes are tethered at the mem- 



brane. Targeting of SOS to the membrane might itself 
be sufficient to render the enzyme active, as has been 
suggested earlier (Aronheim et al. 1994), perhaps 
through PH domain-mediated changes in conformation. 
Positioning of the phosphatidyl inositol binding site of 
SOS close to the membrane orients the remainder of 
SOS 0 *™*"* so that both Ras binding sites of SOS are in 
a plane that is parallel to the membrane, indicating a 
conformation optimized for Ras activation and allosteric 
regulation (Figure 7B). Additional effectors or modifica- 
tions such as phosphatidyl inositol binding by the PH 
domain or phosphorylation might also be involved in the 
activation mechanism (Sini et al., 2004; Chen et al., 1 997; 
Das et al., 2000). The structure of the DH-PH unit, seen 
previously in isolation and here as part of SOS 0 "'" 4 * 0 *, is 
in an inactive conformation (Soisson et al., 1998; Wor- 
thylake et al., 2000). One intriguing possibility is that 
events at the membrane that alter the disposition of the 
DH-PH unit within SOS might coordinately activate SOS 
for both Ras and Rac1 activation. 

A recent study describes the discovery of novel mu- 
tant SOS alleles in Drosophila that affect SOS activity, 
indicating an intricate regulation of SOS in vivo (Silver 
et al., 2004). Mapping of these mutations to the structure 
presented here suggests that they might be disruptive 
for the DH-PH interface, the helical hairpin close to the 
Rem-Cdc25 interface, or the Rem domain close to the 
distal Ras binding site. It seems clear that further study 
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A Potential States of SOS Activity 



low affinity for Ras, slow nucleotide exchange 




Figure 1. Models for SOS Activation 

(A) Schematic diagram of potential states of SOS activity. In the autoinhibited nucleotide exchange reaction mediated by SOS™*™**, the distal 
(allosteric) Ras binding site on SOS is blocked by the DH-PH unit of SOS resulting in low affinity of the catalytic site of SOS for Ras and low 
enzymatic activity (top). For an intermediate level of SOS activity (the SOS^-mediated nucleotide exchange), the nucleotide exchange activity 
of SOS is dependent on Ras*GDP binding to the distal binding site on SOS (middle). Ras*GTP binding at the distal binding site on SOS 
stimulates the nucleotide exchange reaction robustly (bottom). 

(B) Position of the phosphatidyl inositol binding site in SOS 0 "*"**. The Sos PH domain was superimposed with the crystal structure of the 
PH domain from Dappl (PDB code 1FAO; Ferguson et a)., 2000) in complex with lnositol-1,3,4,5-tetrakisphosphate. The membrane plane is 
indicated. Positioning of the phosphatidyl inositol binding site close to the membrane orients both Ras binding sites of SOS in a parallel plane 
with the membrane (bottom; see Figure 1 C for details). 



of the regulatory mechanism of SOS activity will be re- 
warding. 

Experimental Procedures 

Mutagenesis, Protein Expression, and Purification 
SOS DH-PH<at (residues 198-1049) and SOS 0 * (residues 566-1049) of 
human SOS1 were cloned into the bacterial expression vector 
pProEx HTb (Invitrogen) using the Ncol/Hindlll restriction sites. The 
vector fuses an N-terminal HiSg tag to the protein. Escherichia coli 
cells (BL21 DE3, Novagen) were transformed with expression con- 
structs and grown in Terrific Broth fTB) medium supplemented with 
1 00 mg/ml Ampiciilin. Protein production was induced by addition 
of 1 mM IPTG at a cell density corresponding to an absorbance of 
1 at 600 nm, and the protein was expressed at 18°C for 16 hr. Cells 
were collected by centrifugation at 4000 x g for 1 hr, resuspended 
in NiNTA buffer A (25 mM Tris-CI [pH 7.5], 500 mM NaCl, 20 mM 
imidazole) containing protease inhibitors, and frozen in liquid nitro- 
gen. Cell suspensions were thawed in a water bath at 25°C and 
lysed by French press (EmulsiFlex-C5, Avestin). Cell debris was 
removed by ultracentrifugation at 100,000 x g for 1 hr at 4°C. Clear 
supematants were loaded onto a NiNTA column (Qiagen) equili- 
brated in NiNTA buffer A. The resin was washed with 20 column 
volumes of the same buffer, and proteins were eluted in NiNTA 
buffer B (NiNTA buffer A supplemented with 500 mM imidazole). 
Buffers were exchanged using a Fast Desalting Column (Amersham- 



Pharmacia) into TEV buffer (25 mM Tris-CI [pH 8.3], 50 mM NaCl, 
5 mM 3-mercaptoethanol). His« tags were cleaved by incubation 
with Tobacco etch virus (TEV) protease, and free tags and uncleaved 
proteins were removed by a second NiNTA column. For SOS DH " PH " cat 
and SOS 0 *, the flowthrough was collected and loaded onto a MonoQ 
column (Amersham-Pharmacia) equilibrated in MonoQ buffer A (25 
mM Tris-CI [pH 8.3], 1 mM DTT). Proteins were eluted on a gradient 
from 0 to 500 mM NaCl over 20 column volumes. All proteins were 
further subjected to size exclusion chromatography on a Super- 
dex200 column (Amersham-Pharmacia) equilibrated in gel filtration 
buffer (25 mM Tris-CI [pH 7.5], 50 mM NaCl, 1 mM DTT). Fractions 
containing protein were pooled and concentrated on a Centricon 
Ultrafiltration Device (Miliipore) to a final concentration of about 50 
mg/ml. Protein aiiquots were frozen in liquid nitrogen and stored 
at -80°C. 

Size exclusion chromatography coupled with static multiangle 
light scattering measurements was used to monitor RasrSOS com- 
plex formation and the homogeneity of purified proteins and were 
performed as described previously (Margarit et al., 2003; Sonder- 
mann et al., 2003). 

Point mutations were introduced into the coding region of expres- 
sion plasmids using the QuikChange XL Mutagenesis Kit (Stra- 
tagene) following the manufacturer's instructions. Expression and 
purification of mutant proteins was identical to the procedure for 
wild-type proteins. All mutant proteins expressed to comparable 
levels. Circular dichroism spectroscopy confirmed the folded state 
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of the mutant SOS™* proteins, with spectra indistinguishable from 
the wild-type protein (data not shown). Mutant Ras proteins were 
tested for their ability to stimulate SOS by binding to the distal site 
(Ras vw*ciia/sAi22c. Ras cn«8/Ai22C) m6 for ^ r SOS-mediated nucleotide 
exchange reaction (Ras ci188/A122c ) and were found to be equally active 
as wild-type Ras (residues 1-166 of human Ha- Ras). 

For crystallization of the ternary Ras wt :SOS eat :Ras YMA *GDP com- 
plex, a binary complex consisting of Ras* and SOS 0 * was assembled 
as described earlier (Margarit et al., 2003). Ras Ye4A loaded with GDP 
was added in a 4-fold excess prior to crystallization. 

Crystallization, X-Ray Data Collection, 
and Structure Solution 

Initially, crystals were obtained for a fragment of human SOS1 that 
spans the DH-PH and Rem~Cdc25 domains (residues 189-1049; 
Figure 1A). Crystals of native and selenomethionine-substituted 
SOS 189-1049 were obtained by hanging drop vapor diffusion. These 
crystals diffract X-rays to 4.0 A (space group P2,2 1 2 1 , a - 80.5 A, 
b « 125.1 A, c = 246.2 A, with two molecules of SOS 189 " 1048 in the 
asymmetric unit). A mercury derivative provided initial phases, which 
locate the positions of selenomethionines. Electron density maps 
calculated using experimentally determined phases to 4.3 A, ex- 
tended to 4.0 A, were improved by B factor sharpening and by 2-fold 
noncrystallographic symmetry averaging. 

Although at low resolution, the experimentally phased electron 
density maps are of high quality (Supplemental Figure S1A) and 
allowed each of the component domains in the two molecules to 
be positioned with confidence. The packing of molecules in the 
crystal suggested that crystallization might be improved by omitting 
the first nine residues of the original construct. Crystals obtained 
using a modified construct, SOS 014 ***** (residues 1 98-1 049 of human 
SOS1), show a slight improvement in resolution, with data measured 
to 3.62 A resolution. Crystals were obtained by mixing equal volumes 
of protein (10-50 mg/ml) and reservoir solution (10%-14% PEG200, 
10% ethylene glycol, 10 mM strontium chloride, 50 mM HEPES- 
NaOH [pH 6.5], and 4% sucrose). Crystals appeared within 1 hr at 
20°C with typical dimensions of 0.3 mm x 0.3 mm x 0.3 mm. Crystals 
were frozen in propane without further cryoprotection and kept at 
100 K during data collection. 

Crystallographic statistics for data collection are shown in Supple- 
mental Table S1 . Data sets were collected using synchrotron radia- 
tion (ALS, Berkeley, beamline 8.2.2). Data reduction was carried out 
with the software package HKL2000 (Otwinowski and Minor, 1997). 
The space group is P2 1 2 1 2 1 with a = 73.5 A, b = 1 27.4 A, c= 279.1 A. 
The asymmetric unit consists of two molecules of SOS DH " PH ' ca! , and 
structure determination proceeded with the initial model obtained 
for SOS 18 * -1049 for molecular replacement searches. Rigid body re- 
finement of the individual domains of SOS using CNS (BrQnger et 
al., 1 998) yielded the final placement of the domains. 

The two SOS 0 ""™** molecules in the asymmetric unit interact with 
their Cdc25 domains in a head-to-head fashion burying 2745 A 2 
of solvent-accessible surface area (data not shown). Although the 
binding surfaces for the noncrystallographic symmetry packing of 
the two protomers lie across the active site of SOS DH " PH<, *, there is 
no indication of dimer formation of SOS 0 "-™" 0 * in solution as assayed 
by coupled size exclusion chromatography and multiangle light 
scattering measurements (data not shown). 

The ternary RasiSOS^tRas^^GDP complex yielded tetragonal 
crystals under conditions reported previously (Margarit et al., 2003). 
Briefly, equal volumes of protein (20-40 mg/ml) and reservoir solu- 
tion (1.2 M Na/K phosphate, 100 mM HEPES-NaOH [pH 7.5]) were 
mixed and incubated in hanging drops. Crystals appeared within 1 
week at 4°C with dimensions of 0.03 mm x 0.02 mm x 0.02 mm. 
For cryoprotection, crystals were transferred to reservoir solution 
supplemented with 30% glycerol for 10 min, frozen in propane, and 
kept at 100 K during data collection. 

Crystallographic statistics for data collection and refinement are 
shown in Supplemental Table S1 . Data sets were collected using 
synchrotron radiation (ALS, Berkeley, beamline 8.2.1). Data reduc- 
tion was carried out as previously described. The space group was 
determined to be I422 with similar dimensions measured for ternary 
RasiSOS 0 * complexes reported previously (a =» b = 184.1 A, c= 
177.9 A), with one complex in the asymmetric unit. The structure 



was refined using standard procedures and protocols using CNS 
starting from a previous model (PDB code 1 NW) (BrQnger et al., 
1998) and O (Kleywegt and Jones, 1996). 

Nucleotide Exchange Assay 

Nucleotide exchange assays using mantGDP were perfomed as 
described earlier (Ahmadian et al., 2002; Margarit et al., 2003). 
Briefly, purified Ras (residues 1-166 of human Ha- Ras) was incu- 
bated in a 50-fold molar excess of mantGDP, GDP, or GppNp in the 
presence of 4 mM EDTA in gel filtration buffer. Reactions were 
stopped with 10 mM MgCI 2 , and free nucleotide was removed by 
gel filtration. 

Nucleotide dissociation rates were measured by incubation of 
1 \lM Ras»mantGDP in reaction buffer (40 mM HEPES-KOH [pH 
7.5], 10 mM MgCI 2 , and 1 mM DTT) supplemented with 200 \lM 
unlabeled GDP. When indicated, reactions were supplemented with 
additional proteins. The data were fitted to a single exponential 
decay function using the program Prism (GraphPad Software Inc.). 
The derived rates are qualitative because of interference by unla- 
beled Ras*GDP at long times and low Ras«mantGDP concentra- 
tions. 

Site-Specific Labeling of Proteins with Fluorescent Probes 
Fluorescent maleimide derivatives (Oregon green 488) were ob- 
tained from Molecular Probes, Inc. Protein solutions were ex- 
changed into gel filtration buffer lacking DTT prior to labeling to 
remove reducing agents. Proteins (5 mg/ml) were labeled in gel 
filtration buffer lacking DTT for 2 hr at 25°C with a 10- to 20-fold 
molar excess of fluorophore. Reactions were quenched by addition 
of 2 mM 0-mercaptoethanol, and free fluorophores were removed by 
gel filtration using NAP5 desalting columns. Protein concentrations 
were determined by standard Bradford assays. Labeling efficiency 
was determined by UV/VIS spectroscopy on a Cary 50 Scan spectro- 
photometer using the molar extinction coefficient provided by Mo- 
lecular Probes, Inc. The molar ratio of fluorophore to protein typically 
varied between 0.6 and 0.9 moles of dye per mole of protein. 

Fluorescence Anisotropy Binding Assay 

For detection of binding in vitro by monitoring the change of fluores- 
cence anisotropy upon complex formation, a mutant form of Ras 
was used. Cys-1 1 8 is the only cysteine residue in Ras with a surface 
exposed sulfhydryl group, and we mutated this residue to serine 
(Ras 01188 ; Kraemer et al., 2002). Next, Ala-1 22, which is located within 
a loop region of Ras and is poorly conserved, was replaced by 
cysteine and labeled with the fluorescent dye Oregon green 488 ma- 
leimide. 

Fluorescence anisotropy assays were performed on a Spex 
Jobin Yvon FluoroMax-3 fluorometer. Oregon green 488-labeled 
Ras Y«A/ciiea/Ai22c (1 ^ or Ras cit«*Ai22c (1 was lnC ubated with 

increasing amounts of SOS proteins in gel filtration buffer, and the 
anisotropy was measured in a 500 pJ quartz cuvette at excitation 
and emission wavelengths of 470 nm and 51 5 nm, respectively, with 
slit bandpasses set to 2 nm. Data points were taken in triplicate 
after 1 0 min of equilibration with an integration time of 20 s per mea- 
surement. 

Affinities were determined by subtraction of Ras anisotropy (no 
SOS added). The data were fitted to saturation binding function F K = 
(x x BnuJ/fKd + x) - (NS x x) where B^ is maximal binding, Kc is 
the dissociation constant, x is the concentration of SOS, and NS is 
a nonspecific binding constant) using the program Prism (GraphPad 
Software Inc.). 

Ras cii83/Ai22c and Ras Y8wcii«8/Ai22c 5^3^ similarly to wild-type Ras 
and Ras Y64A , respectively, in nucleotide exchange assays (data not 
shown). 

ERK2 Immune Complex Kinase Assay 

ERK2 activition was measured as described earlier (Corbalan-Garcia 
et al., 1998). COS1 cells, cultured in Dulbecco's modified Eagle's 
medium (DM EM) supplemented with 5% fetal calf serum, were tran- 
siently cotransfected with expression plasmids encoding T7-tagged 
SOS constructs and HA-tagged ERK2. After incubation for 24 hr in 
serum-free DM EM, cells were lysed in immunoprecipitation buffer 
(1 0 mM Tris-CI [pH 7.4], 1 50 mM NaCI, 1 % Triton X-1 00, 1 0% glyc- 
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erol, 1 mM EDTA, supplemented with protease inhibitors). Protein 
(50 |xg total) from each lysate was analyzed by SDS-PAGE and 
Western blotting onto nitrocellulose. Immunoblot analysis of the 
epitope-tagged transiently expressed proteins was carried out with 
anti-HA and anti-T7 antibodies followed by enhanced chemilumines- 
cence detection. ERK2 was immunoprecipitated from lysates by 
using anti-HA antibody. The immune complexes were washed three 
times with immunoprecipitation buffer and twice with kinase buffer 
(25 mM Tris-Cl [pH 7.4], 20 mM MgCI 2 , 2 mM MnCI 2 , 1 mM NaaVO* 
and 20 ^M ATP). ERK2 kinase activity was assayed in 50 \xi of kinase 
buff er containing 10 \xC\ [7 32 P]ATP and 0.2 mg/ml myelin basic pro- 
tein (MBP). Reaction products were analyzed by SDS-PAGE and 
quantified with a Phosphorlmager. 
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